Barotropic and baroclinic tides for the M 2 constituent were simulated for the Indonesian seas using the Regional Ocean Model System (ROMS). Model estimates of the elevation amplitudes and major axes of the tidal ellipses agreed reasonably with existing observations with differences increasing in the southern portion of the domain. The model underestimated the major axes of the tidal ellipses with a rms difference between the model estimates and satellite observations of 17 cm for crossover sites in water depths greater than 40 m. This accuracy is reasonable for the model resolution (5 km), which is more suitable for qualitative estimates of where baroclinic tides occur than accurate quantitative estimates.
Introduction
Barotropic tides interact with rough topography, disturbing isopycnals and generating internal tides that play a significant role in mixing both in the deep ocean and shallow seas (Munk and Wunsch, 1998; Garrett, 2003) . Tides affect the circulation and hydrography through other mechanisms than baroclinic tidal generation, including the generation of mean currents and the induction of mixing. Mixing processes modify the hydrography leading to density-driven flows and in the Indonesian Seas transform the warmer, fresher Pacific inflow waters before export to the Indian Ocean. Currents and internal waves generated by tides and the heaving isotherms affect the forces on structures and vessels in the region.
Conventionally, tidal currents are described using tidal constituents with periods ranging from several months (seasonal) to a few hours. Although 390 different tidal constituents have been identified (Defant, 1960) , most of the tidal signal is contained in eleven principle constituents, four diurnal (once per day; K 1 , O 1 , P 1 , Q 1 ), four semidiurnal (twice per day; M 2 , S 2 , N 2 , K 2 ), and three long-period components (fortnightly to semi-annual; M f , M m , S sa ).
The ocean responds in both barotropic and baroclinic ways to the tides. In the barotropic tidal response, horizontal velocities are uniform with depth except in boundary layers, whereas in the baroclinic response, horizontal velocities vary with depth. Generation of internal waves occurs in stratified fluids as different density layers respond to various degrees to disturbances, resulting in heaving of the isotherms. For example, when the barotropic tide interacts with rough topography in a stratified fluid, internal or baroclinic tides are generated. This generation is dependent on the stratification, steepness of the topographic slope, and the barotropic tidal strength and period. Vigorous internal tides have been observed in the Indonesian Seas with, foe example, isotherm excursions up to 90 m observed in the Ceram Sea during 14 hour yo-yo stations (Ffield and Gordon, 1996) .
Although internal tides have been observed in the Indonesian Seas, the baroclinic tidal fields there are not well known. In particular, relatively few full-depth, long period current observations exist, which are suitable for accurately quantifying the baroclinic tidal fields. More complete coverage has been provided by modeling studies and good replication of the barotropic fields has been obtained by Mazzega and Bregé (1994) and Egbert and Erofeeva (2002) using two-dimensional inverse simulations. For the baroclinic tides over a region, three-dimensional simulation is required in order to include vertical variability. Schiller (2004) and Simmons et al. (2004) simulated the baroclinic tides in the Indonesian Seas on coarse grids (~0.5 o in latitude and longitude or ~50 km) using a z-level model (MOM) and an isopycnal model, respectively. However the grid cell size of these simulations are inadequate to resolve the internal tides in depths less than 2000 m, where the internal tidal wavelength ranges from ~20-50 km.
Grid cells of 4-5 km or finer are required to resolve the internal wavelengths in shallow water (Holloway, 2001 ). In a study for Fieberling Guyot (Robertson, 2005c ) a resolution of 1 km was required to accurately predict mean currents and major axis amplitudes. In the Fieberling Guyot study, model performance improved with higher resolution (< 1 km) bathymetry and more vertical layers; however, a resolution of ~5 km was adequate for indicating where baroclinic tides occur and estimating the major axes with an average error of ~35%.
In this study, our goal is to estimate the baroclinic tidal fields for the Indonesian Sea to provide information on where baroclinic tides are occurring for future observational programs and focused regional modeling studies. Computing limitations require a balance between geographic coverage and model performance, which is resolution dependent. For our overview, a resolution of 5 km was selected in order to include the entire Indonesian Seas region, realizing that this would be a more qualitative estimate than an accurate quantitative estimate.
Tidally-induced Effects
Interactions of the tides with the bottom topography affect the circulation and mixing, both as mean and oscillating effects. We focus on the oscillating effects. In a stratified ocean, internal waves can be generated when the tide interacts with topography and the tidal frequency [ω] 
At the low latitudes of the Indonesian Seas, this criteria predicts internal tides will be generated by steep topography at both diurnal and semidiurnal frequencies over much of the domain.
Tidal Model
The tides were simulated using a primitive-equation, terrain-following coordinate model, the Regional Ocean Model System (ROMS) (http://www.oceanmodeling.org/index.php?page=models&model=ROMS). This model has been used for simulating tides for various regions (Robertson et al., 2003; Robertson 2005a Robertson , 2005b . The domain (yellow box in Figure 1a ) covers much of the Indonesian Seas with a horizontal resolution of 5 km ( Figure 1b ) and 24 vertical levels. Realistic bathymetry was taken from Smith and Sandwell (1997) and hydrography obtained from the National Oceanographic Data Center. Tidal forcing focused on a single constituent, the M 2 tide with a period of 12.42 hrs and was implemented by proscribing the M 2 elevations along the open boundaries using TPXO6.2 results (Egbert and Erofeeva, 2002) . A fuller description of the model, boundary conditions, and forcing can be found in Robertson et al. (2003) . The small portion of the Sulu Sea that is included in the domain and much of the region adjacent to the boundaries will be ignored, due to the influence of model boundary effects.
Tidal Observations
Model performance evaluation requires observations of both elevation (i.e. sea level) and velocities at multiple depths. Thirteen TOPEX/Poseidon (T/P) satellite crossover observations of elevations (yellow crosses in Figure 1a and Table 1 ) and four moorings with velocities observations at multiple depths (red stars in Figure 1 ) were used. The T/P crossover points of elevation observations were provided as amplitudes and phase lags from the PATHFINDER data base (contact R. Ray, rray@geodesy2.gsfc.nasa.gov). Current meter mooring data was analyzed for tides using the T_Tide software (Pawlowicz et al., 2002) , which also provided estimates of the observational uncertainty. Figure 1a . The differences and rms of the differences are given for both the amplitudes and phase lags. The asterisked sites, (11 and 12), had water depths < 40 m and are in doubt since both the model and T/P are less accurate in shallow water. The differences in both phase lag and amplitude are higher for the southern locations.
Elevations
Model estimates of the M 2 tidal elevation amplitudes range from 20-50 cm through most of the region (Figure 2a ). Higher amplitudes occur in the Sulawesi Sea, Indian Ocean, and shallow regions, including along the Australian coast where they reach over 100 cm. Lower amplitudes, < 20 cm, occur in the Java and Ceram Seas, and near an amphidromic point which forms in the Timor Sea.
As evidenced by the phase lag (Figure 2b However, it progresses rapidly in the deeper water near Timor. And the interactions of all these portions, which are out of phase, result in destructive interference and the formation of an amphidromic point (region of no tidal amplitude) in the Timor Sea.
These estimates reasonably match the 2-D inverse simulations of Mazegga and Bregé (1994) and Egbert and Erofeeva (2002) , wich incorporate T/P elevation information into the simulation. For our 3-D simulation, which does not incorporate the T/P elevation information, generally underestimates the elevations when compared to the T/P satellite crossover elevation observations (yellow crosses in Figure   1a ). Differences between the T/P observations and the model estimates are generally small (< 10 cm and <20 o ) in the Sulawesi and Java Seas, increasing as the M 2 tide progresses in the Banda, Arafura, and
Timor Seas (Table 1 ). The largest phase lag differences occur in areas of rapidly changing phase lag:
near the amphidromic point in the Timor Sea, in the Ceram Sea, and in the shallow Arafura Sea. Rms differences between T/P crossover observations and the model estimates were 22 cm for the amplitude and 80 o for the phase lag with all 13 sites included. However, three of the southern crossover locations (sites 8, 11, and 12) are within a few km of very shallow water (68, 28, and 8 m, respectively), which can be problematic for both T/P analysis and the model estimates. Correspondingly, these three locations also have the most anomalous elevation amplitude differences (-6, -23, and 49 cm, respectively) 
Velocities
The model provides two velocity fields: a depth-independent or barotropic velocity field and a depthdependent velocity field. Both are complete estimates of the velocity fields, i. e. the depth-independent velocity does NOT need to be added to the depth-dependent velocity. Tidal currents are described using a tidal ellipse, which is traced by the tip of the current vector during one complete cycle. The tidal ellipse is specified by the major and minor axes representing the maximum and minimum tidal currents along with the inclination of the orbits and the phase (Figure 3a) . Discussion of major axes reflect only the portion of the maximum velocities at the frequency of the tidal constituent, here M 2 . However, the velocity fields contain contributions at other frequencies and at the mean and are comprised of geostrophic velocities, tidal residual velocities, harmonic responses, tidal mixing induced density driven velocities along with the barotropic and baroclinic tides and various other oscillations.
The barotropic or depth-independent M 2 major axes are small, < 2 cm s -1 , over much of the region (Figure 3b ) with higher velocities in the shallow water. High major axes occurred in straits, where the fluid is forced through the narrow channels occasionally reaching over 50 cm s -1 . Basically, the magnitude of the barotropic major axes correlates with the topography with low major axes in deep water
and high values in shallow water and narrow straits.
The M 2 major axes are strongly depth-dependent particularly in straits and near rough topography indicating the generation and propagation of internal tides. This is clearly seen in a selection of transects In the transect along the Maluku Sea (Figure 4c ), internal tides generated over rough topography propagate into the upper water column where the internal wave rays become more horizontal due to stronger stratification. The major axes increase in the strongly stratified layer and the baroclinic tides intensify. In the eastern basin, much of the response appears not to be locally generated, but generated nearby, propagating into the transect. This includes a portion of the surface response generated along the coast.
The transect through the restriction in Makassar Strait (Figures 1b and 4b) shows similar behavior to that in the Lifatamola Strait (Figure 4a) . A strong baroclinic tide originates at the western shoulder,
propagating across the strait in opposition to the barotropic velocities (Figure 4d ) reducing their amplitude. The maximum values occur at the surface with mid-water column minimum major axes.
In the transect over Dewaking Sill at the southern end of Makassar Strait (Figure 1b) , the undulations of the sill generate baroclinic tides both over the northern hump and at the trough between the humps.
These tides propagate in both directions (Figure 4e ). Even small fluctuations of the bathymetry generate internal tides here although some of the high values are attributable to off transect generation. This region is noted for high baroclinic tides and mixing, with the tidal field highly sensitive to the topographic undulations (Hatayama, 2004) . Lee waves were generated in Hatayama's non-hydrostatic model. Our simulation does not include these lee waves or internal solitons, since it is hydrostatic.
To evaluate the model performance in replicating baroclinic tides, model estimates were compared to velocity observations from moorings with multiple instruments. For logistical reasons, these observations are difficult to obtain due to strong oscillating currents, fouling due to high biological productivity, and high ship traffic in the regions, particularly fishing net operations. A persistent problem is strong tidal currents pushing the mooring downwards, with the shallower meters easily pushed as much as 200 to 300 m deeper at some locations during the peak of each tidal cycle (Susanto and Gordon, 2005; Molcard et al., 2001) . In fact, estimation of the M 2 barotropic, depth-independent, tidal currents are not attempted here, because none of the offshore current observations have sufficient depth and time resolution to attain an unbiased depth-average. The current meter mooring records used here (red stars in Figure 1a ) were readily available with published depth-dependent velocity statistical information, consisting of two moorings in Makassar Strait (Susanto and Gordon, 2005) , which are < 20 km (four grid cells) apart plus one in the Maluku Sea ) and one in the Halmahera Sea ). Unfortunately, all these moorings were blown over by strong tidal currents. The uppermost current meter on the western Makassar mooring (1), was near its target depth of 200 m only 6% of the record, whereas the uppermost meter on the eastern Makassar mooring (2) was near its target depth of 205 m for 32% of the record and the next lower current meter on that mooring was near its target depth of 255 m 85% of the record (Susanto and Gordon, 2005) . Consequently, the eastern Makassar mooring (2) is assumed to be more accurate, particularly the deeper estimates where mooring blowover is reduced. Both observational and model errors contribute to these discrepancies along with other factors such as differences in the bathymetry between the model and the observations. At the four mooring locations, the bottom depths used in the model, which are bathymetry degraded by interpolating or averaging to 5 km spacing or lack of obxervations, differ from the observed depths by ~200-400 m. This level of discrepancy is typical for this resolution, for example in the Fieberling Guyot study the major axes were off by ~35% at a 4 km resolution (Robertson, 2005c) .
Discussion: Implications of the Tidal Velocities
As discussed earlier, M 2 baroclinic tides occurred throughout the region. The maximum depthdependent M 2 major axes in the water column at each grid cell (Figure 3c ) are significantly larger than the depth-independent or barotropic M 2 major axes ( Figure 3b ) over much of the region. They are of similar magnitude only in the shallow water. To isolate the baroclinic M 2 major axes, the depth-independent M 2 major axes were removed from the maximum depth-dependent M 2 major axes to determine the maximum M 2 baroclinic anomaly. The maximum M 2 baroclinic anomaly ( Figure 3d ) shows strong M 2 baroclinic tides, > 25 cm s -1 , over rough topography in the Sulawesi and Ceram Seas and many of the narrow straits.
The maximum M 2 baroclinic anomaly is only low, < 2 cm s -1 , in the shallow Java, Timor, and Arafura Seas.
Baroclinic tides induce vertical mixing, which is characterized by the vertical mixing coefficient for density, K ρ . Since in this application vertical diffusivities for temperature, K T , and salinity, K S , are the Mixing is apparent in the temperature differences over 7.5 days (Figure 5d ). Generally there is a loss of heat from the upper 200 m and a gain between ~400-600 m, reflecting an upper ocean heat transfer.
The surface cooling is a result of lack of a surface radiative heat flux representing incoming solar radiation. This application also ignores freshwater fluxes representing net evaporation/precipitation.
Thus, not all the physical processes are represented in the temperature changes. However, mixing over the sill and along the flanks in the regions of high K T (Figure 5e ) may induce most of the temperature differences with advection spreading them away from the sill. tides induce vertical mixing due to the increase in shear, all these "choke point" straits also have a highly depth-dependent mixing variability that will contribute to the considerable modification of the Indonesian Seas thermohaline characteristics before they are exported to the Indian Ocean.
These coarse resolution results are useful as a qualitative indicator for planning observational or higher resolution modeling studies. For accurate quantitative estimates, higher horizontal and vertical resolution are required. Performance can also be improved by obtaining more accurate bathymetry and hydrography. Only one semidiurnal constituent was used for this study. Forcing with multiple constituents increases the tidal elevations and velocities. The tidal fields are affected not only through integration of the constituents, but also through fortnightly beating effects and harmonic transfer of energy between constituents. Observations have shown that fortnightly beating is associated with very strong baroclinic tides and high mixing (Hatayama, 2004; Susanto et al., 2000; Ffield and Gordon, 1996) .
Another limitation of the ROMS model is its incapability to simulate the lee waves generated by the interactions of barotropic tides with topography. This is a limitation inherent in the hydrostatic assumption and simulation of the lee waves would require switching to a non-hydrostatic model. Both multiple constituent simulations to evaluate the transfer of energy between frequencies and finer resolution simulations are presently in progress, but not non-hydrostatic simulations by these authors. In the future, we plan to focus high resolution simulations of the strait regions and to investigate the effects of the seasonal changes in the hydrography on the baroclinic tidal fields. The tide propagates from the Pacific Ocean through the Sulawesi Sea and the Makssar Strait, where it splits with a portion going into the Java Sea and another into the Flores and Banda Sea. Exiting the Banda Sea, the tide splits again with a portion going into the shallow Arafura Sea and another into the Timor Sea. The Timor Sea is a confluence region for the portions from the Banda Sea, the Indian Ocean, the Timor Trench, and along the Australian shelf. Figure 3 . a) A tidal ellipse is defined by the major axis, the minor axis, and the inclination. A phase (not shown) is also used for replicating currents. b) Amplitudes of the major axis of the M 2 tidal ellipses from the depth-independent velocity. The major axes are small in the deep basin areas and large in the shallow Java, Timor and Arafura Seas. The largest barotropic major axes, > 50 cm s -1 , occur in narrow straits. c) The maximum depth-dependent major axes in the water column at each grid cell of the M 2 tidal ellipses are higher than the depth-independent or barotropic major axes over much of the domain, including the Sulawesi, Ceram, and Banda Seas and the Makassar Strait. d) The maximum baroclinic anomaly for M 2 , with the baroclinic anomaly defined as the difference between the depth-independent and maximum depth-dependent major axes. The highest maximum baroclinic anomalies occur in the Sulawesi, Ceram, and Banda Seas and in Makassar Strait. coincide with the large gradient in the major axes f). Additionally, the high vertical diffusivity over the sill e) coincides with the large 7.5 day temperature differences in panel d). It is believed that these differences result from mixing over the sill and advection of the mixed fluid away from the sill in both directions. Tables   Table 1. M 2 elevation amplitude and phase lags comparison between T/P crossover observations and model estimates at the locations shown as yellow crosses in Figure 1a . The differences and rms of the differences are given for both the amplitudes and phase lags. The asterisked sites, (11 and 12), had water depths < 40 m and are in doubt since T/P does not work well in shallow water. The differences in both phase lag and amplitude are higher for the southern locations. 
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